Abstract. Flavor ratios of very high energy astrophysical neutrinos, which can be studied at the Earth by a neutrino telescope such as IceCube, can serve to diagnose their production mechanism at the astrophysical source. The flavor ratios for neutrinos and antineutrinos can be quite different as we do not know how they are produced in the astrophysical environment. Due to this uncertainty the neutrino and antineutrino flavor ratios at the Earth also could be quite different. Nonetheless, it is generally assumed that flavor ratios for neutrinos and antineutrinos are the same at the Earth, in fitting the high energy astrophysical neutrino data. This is a reasonable assumption for the limited statistics for the data we currently have. However, in the future the fit must be performed allowing for a possible discrepancy in these two fractions in order to be able to disentangle different production mechanisms at the source from new physics in the neutrino sector. To reinforce this issue, in this work we show that a wrong assumption about the distribution of neutrino flavor ratios at the Earth may indeed lead to misleading interpretations of IceCube results.
Introduction
The discovery by the IceCube Collaboration that the Earth is bombarded by a flux of very high energy extraterrestrial neutrinos [1] [2] [3] , opened a new research field, High Energy Neutrino Astronomy. Naturally, after these findings a big amount of activity has been devoted to studies about the origin of these neutrinos, see for instance [4] [5] [6] [7] [8] [9] [10] [11] . Furthermore, as more data is collected it also becomes possible to study finer details about the observed neutrinos, which has motivated many studies devoted to address the flavor composition of this flux [12] [13] [14] [15] [16] [17] [18] [19] . The reason to focus on composition studies relies on the fact that neutrino flavor composition can be used to tackle the production mechanism of very high energy neutrinos at the source, as well as to shed light on the possible presence of non-standard neutrino properties beyond the standard three flavor mixing scheme.
Understanding this process is utterly momentous as the same mechanism is expected to be at the genesis of very-high energy cosmic rays and photons [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . We hope correlations among these ultra-high energy cosmic particles can be established in the near future helping us to unravel this long standing mystery. In the most frequently considered scenario, the decay of pions and subsequently of muons dominate the neutrino flux, producing the flux flavor ratios (f S νe : f S νµ : f S ντ ) 1 =( : 0) S at the source [38] . However, the flux flavor composition at the source may vary from (1 : 0 : 0) S to (0 : 1 : 0) S under a profusion of different scenarios which include muon energy loss [39] [40] [41] [42] , muon acceleration [43] , and neutron decay [44] .
After propagating over astronomical distances, as first pointed out by the authors of Ref. [38] , neutrino oscillations tend to equalize the flux flavor ratios to (f ⊕ νe : f ⊕ νµ : f ⊕ ντ ) ≈ ( : 0) S . In fact, by varying the neutrino oscillation mixing parameters in the regions allowed by the latest global fit [45] and by assuming any possible source flavor composition, it can be shown that the prediction for the flux flavor ratios at the Earth always end-up somewhere around the central point ( ) ⊕ , i.e., in a restricted region around the middle of the flavor-ratio triangle as can be seen on the left panel of Fig. 1 (see also [13, 46] ). This remains true even if one allows for an arbitrary ν τ content at the source, as depicted on the right panel of Fig. 1 , although one predicts ν τ contribution to be quite negligible [47] . On the left panel ν τ are not allowed to be produced at the source, while on the right panel they are. We let neutrino mixing parameters vary within the current 3σ allowed regions [45] . Red, blue and green regions correspond to the case where f S νe = 0, 1/3 and 1, respectively, whereas in the yellow regions, any value of f S νe ∈ [0, 1] is allowed.
Because of the limited variation of the neutrino flavor ratios at the Earth, some authors have speculated that a deviation of the neutrino flux flavor ratios from this central region of the flavor-ratio triangle could be interpreted as an indication of new physics at play in the neutrino sector. Among the other exotic possibilities, neutrino decay [48, 49] , pseudo-Dirac neutrinos [50, 51] , sterile neutrinos [52] , Lorentz or CPT violation [53] , quantum decoherence [54, 55] , the impact of effective operators [46] , non-standard neutrino interactions with dark matter [56] , and so on, have been considered in the literature.
Moreover, although still statistically insignificant at the moment, fits to the IceCube data seem to be favoring flavor ratios at the Earth outside the allowed regions shown in Fig. 1 , close to the edges of the flavor-ratio triangle [18, 57] that might signal a conflict with the standard expectation. If this is confirmed by future data, can this be an unambiguous sign of new physics or can this be explained by standard physics?
We show in this paper that in order to use neutrino flux flavor ratios at the Earth to probe the various production mechanism scenarios at the source, one cannot assume that neutrinos and antineutrinos fluxes at the Earth are the same when fitting the data. In particular, this assumption may lead to erroneous interpretation of the data in the future, and may already be the reason why the present best fit point for the flux flavor ratios seems to be outside the expected region. In Sec. 2 we briefly review the main high energy neutrino/antineutrino production mechanisms at astrophysical sources as well as the neutrino oscillation effect on their propagation to the Earth. In Sec. 3 we discuss how unequal neutrino and antineutrino fluxes can affect the fitting of the shower and track events measured by IceCube. In particular, the fit of IceCube data by imposing the equality of neutrino and antineutrino flavor ratios at the Earth, when they are predicted to be not equal at the source and therefore at the Earth also, can produce allowed regions in the flavor-ratio triangle that lay outside the one expected by standard oscillation and consequently be misinterpreted as a sign of new physics. Finally, in Sec. 4 we provide some discussions and our conclusions.
Neutrino and Antineutrino Production Mechanisms and Propagation
We do not know where or how exactly very high energy ( > ∼ 100 TeV) astrophysical neutrinos are produced. It is generally believed that their production takes place in transient astrophysical cosmic ray engines such as blazars (jets in active galactic nuclei) and gamma-ray bursts. The general idea behind the main mechanisms is that protons are accelerated and possibly confined in these sources by magnetic fields. The production of neutrons and charged pions and their succeeding decays produce neutrinos as well as other cosmic ray particles. Neutrinos, in particular, are produced via π + → µ + ν µ → e + ν e ν µ ν µ (and its charge conjugate process).
Depending on source properties such as the relative ambient gas and photon densities, pion production proceeds either by inelastic pp scattering [44] or by photo disintegration, primarily through the resonant processes pγ → ∆ + → nπ + , pπ 0 [21] .
pp production
If inelastic pp collisions are the dominant process of pion production, isospin invariance yields approximately equal numbers of π ± . Their decay followed by the decay of µ ± will lead to the flux flavor ratios at the source of (f
for both neutrinos and antineutrinos (note that sum of all fractions is normalized to 1). Since in this case the flavor ratios are the same for neutrinos and antineutrinos, one can simply talk about the combined (neutrino+antineutrino) flavor ratios
Here, as we noted in the footnote 1, we have to distinguish two different notations: italic f να for the case where we do not consider the neutrino and antineutrino flavor ratios independently, as they are assumed to be the same, and normal f να and fν α for the case where we consider independently neutrino and antineutrino flavor ratios.
However, since the lifetime of the muon exceeds that of the charged pion by almost two orders of magnitude, it is also possible that the muon in the decay chain losses energy to the source environment by synchrotron radiation and interaction before it decays [39, 40] . If this happens, these low-energy muons will have a negligible contribution to the high energy neutrino flux. This will result in only ν µ and ν µ produced at the source, i.e.,
Again in this case we have the same flux for neutrinos and antineutrinos and we can again simply use the combined flavor ratio (f S νe : f S νµ : f S ντ ) = (0 : 1 : 0) S .
pγ production
On the other hand, if pions are produced mainly by pγ interactions, the flux ratio of neutrinos and antineutrinos depends on the spectra of target photons, as discussed in [58] . If the target photons are very hard or thermal, multi-pion production would be more relevant and expected flavor ratio may become very similar to the pp case, as in Eqs. (2.1) and (2.2). This is often expected in GRB and blazar models, see e.g. [59, 60] . However, if the target photons are sufficiently soft, the asymmetric process pγ → ∆ + → nπ + will be the dominant source of neutrinos. Since π − production is suppressed and π + decays do not produce ν e , this lead to the flux flavor ratios at the source as In this case neutrinos and antineutrinos exhibit quite different flavor ratios at the source, and their flavor ratios must be treated separately. Note that this is a simplified scenario since there would be always some contamination of theν e flux in a realistic situation, see [36, 37] . However, we assume the ratios in eq. (2.4) for the pγ source for the purpose of the illustration of the main point of this work.
Here again µ + 's decays can be damped by energy losses, in which case no antineutrinos would be produced at all at the source, leading to a even more asymmetric case. Therefore, as pointed out in [58] , in general, to study pγ sources, assumption of equal flavor ratios for neutrinos and antineutrinos is not appropriate.
Effect of oscillation
According to our current understanding, neutrino flavor eigenstates and mass eigenstates are connected by a mixing matrix U , so as they propagate mass eigenstates acquire relative phases that generate the so-called neutrino flavor oscillations. By propagating from the astrophysical source, where they are produced, to the Earth, where they are detected, these relative phases are washed out, so neutrinos arrive as an incoherent mixture of mass eigenstates [52] . We can thus write the flux flavor ratios at the Earth as
for neutrinos (antineutrinos). So if we start at the source with equal fluxes for neutrinos and antineutrinos this equality will be preserved by the incoherent mixture that will arrive at the Earth. Conversely, if their original fluxes are unequal, one should not expect to have equal neutrino and antineutrino fluxes arriving on Earth. This feature has been studied in connection with the Glashow resonance as a way to probe production models [4, [61] [62] [63] [64] [65] [66] [67] and beyond the Standard Model physics [58] . In the next section we discuss how the difference in neutrino and antineutrino fluxes can affect the fitting of IceCube showers and track events in a way to mimic new physics. Since we do not know the production mechanism, it is imperative to fit the data without this limiting assumption, including extra parameters to allow for the possibility of a difference in neutrino and antineutrino fluxes for each flavor.
On the Interpretation of IceCube Data
We will show here that if the fluxes of high energy extraterrestrial neutrinos and antineutrinos that arrive at the Earth were unequal, by assuming their equality in the fit of IceCube data, one can obtain allowed regions in the flavor-ratio triangle at the Earth that lay outside the region expected by standard neutrino oscillations. This can be misinterpreted as a sign of new physics, while in fact it is simply due to an incorrect assumption about the fluxes. In practice, we are going to study four scenarios, which include two kinds of sources and two different exposures at IceCube.
In the first part of each analysis we simulate the number of showers and tracks that IceCube would observe given a particular source and exposure. In order to do this we fix the set of neutrino fractions at the source and then we derive the fractions at the Earth by using standard values for the neutrino mixing matrix. Afterwards, we use this as input to predict the number of track and shower events for a given energy bin of the IceCube detector. In fact, we just use the fractions to scale up a set of normalized values of showers and tracks that we have already computed following the detailed prescriptions of Ref. [15] (see Appendix B for details). In these computations we have assumed that neutrinos and antineutrinos of any flavor α follow the same energy spectrum, so that we can parameterize the sum of the fluxes as
where E is the neutrino energy, C r is a normalization constant and γ is the spectral index. Thus, the neutrino (antineutrino) flavor fluxes at the Earth are
where f ⊕ να(να) are the normalized neutrino fractions at the Earth. For each simulation of the expected data we fix the spectral index to γ = 2.5 and the total number of events of astrophysical neutrinos to N a = 18 × 10 (100) in the energy interval [28 TeV, 10 PeV] . These numbers are motivated by the best fit point of IceCube given by the combined maximumlikelihood analysis of Ref. [18] , which corresponds to 18 astrophysical neutrinos in 988 days in the energy range [28 TeV, 10 PeV], so we use 10 (100) times more exposure to try to simulate future observations. Furthermore, we also consider the background from atmospheric neutrinos and atmospheric muons. Again, we mostly follow Ref. [15] (see Appendix C for details). Thus, in each analysis we fix the number of atmospheric neutrinos to N ν = 6.6 and the number of atmospheric muons to N µ = 8.4 per 18 astrophysical neutrino events. 2 This was done in order to match the central values obtained by IceCube in the interval [28 TeV, 10 PeV] after 988 days of data taking [3] . The uncertainty associated to these numbers are not considered in this analysis but we have checked that this effect, that may be added through nuisance parameters in the fit, does not change our final conclusions.
Besides, it would be necessary to take into account the potential effects associated to the experimental misidentification of tracks as showers, as done in Ref. [15] where the rates of 20 and 30% were considered based on [57] . In this work, we set the track to shower miss-identificatin rate to be somewhat more optimistic value, 10%, which is applied to every contribution. We believe that moderate modifications of this rate do not affect essentially our final conclusions. The final number of showers and tracks computed in this way will simulate the observed data measured by IceCube. Finally, let us emphasize that we consider only one realization of the simulation for each scenario (see Appendix A for more details).
In the second part of each analysis we study the fit of the simulated data. Thus, we use the same approach described above to compute the number of showers and tracks, but now considering floating values of the normalization parameter N a , the spectral index γ and the neutrino fractions at the Earth f ⊕ να(να) . For each scanned point in this parameter space we evaluate a binned likelihood function, that we extreme in order to find the best fit point and the corresponding confidence level regions of the relevant parameters. In the fit procedure we make the key assumption that the neutrino and antineutrino fluxes are equal for all flavors, i.e., f ⊕ να = f
Details about the fit procedure can be found in Appendix A.
A Possible Scenario Fitted with the Wrong Assumption
We start by discussing a theoretically viable example. Let's assume here that the neutrino fluxes are produced at the source by the mechanism pγ of photo-disintegration. This corresponds to fixing the neutrino and antineutrino flavor fractions at the source as where the superscript T here means theoretically expected value. Note that, as expected, the sum of the neutrino (antineutrino) fractions at the Earth coincide with the sum of the neutrino (antineutrino) fractions at the source, and similarly for antineutrinos. Also f ⊕T να + f
As we said before, these fractions fix the mock-data for the fit. Our binned maximum-likelihood fit (see Appendix A) of this data involves four free parameters: the global normalization, N F a , the spectral index, γ F , and the ν e +ν e and ν µ +ν µ flavor fractions at the Earth f ⊕F νe , f ⊕F νµ with the constraint f ⊕F ντ = 1 − f ⊕F νe − f ⊕F νµ . The superscript F here means fit value. As the result of the fit we get the best fit point: N F a = 17.91 × 10(100), γ F = 2.48, f ⊕F νe = 0.098 and f ⊕F νµ = 0.27. We show the results of our fit in Fig. 2 for the cases where the total number of astrophysical neutrino events are assumed to be 180 (left panel) and 1800 (right panel). It is interesting to notice that, with the wrong assumption about neutrino and antineutrino fluxes, to fit the mock-data corresponding to the pγ scenario requires that the best fit point for the flux flavor fractions falls outside of the standard central region of the flavor-ratio triangle, as can be clearly seen by the solid black circles in Fig. 2 . In this figure we show the allowed regions at 68% (red), 95% (green) and 99% CL (blue) in the flavor-ratio triangle spanned in the (f ⊕ νe , f ⊕ νµ , f ⊕ ντ ) parameter space. The limited region predicted by standard oscillations, as shown before in Fig. 1 , is also depicted in yellow. In the left panel, we note that despite that the wrong assumption (of equal fluxes of neutrino and antineutrinos) was made, the result of the fit is quite good such that this assumption can not be statistically rejected even at 1σ confidence level. However, in the right panel, when ten times more statistics is used, just one small part of the yellow zone is compatible with the boundary of the 2σ confidence level region. How can we understand this result? Let's see how it arises from the fact that the simulated data, producing flavor fractions at the Earth f
να /2 at the Earth. The argument goes as follow. The spectrum of shower events fromν e , thanks to the Glashow Resonance, is quite different from the spectra of shower events from ν e , ν τ andν τ (see Fig. 6 ). With enough statistics, as it is the case of our simulated events, we expect the fitted fractions to reproduce theory fractions. Although the Glashow Resonance is localized around one or two energy bins we note that its effect is going to affect the fit of the whole energy range because it determines the overall normalization ofν e flux. Later we can check this hypothesis from the comparison between the fit and the expected fractions. So theν e shower event distribution will impose
while since ν e , ν τ andν τ shower events have similar energy dependence (see Fig. 6 ) they impose
and track events will fix f
By combining equations (3.5) and (3.6), and f ⊕T νe 0.25 from eq. (3.4), we get
where we have used that f ⊕T ντ +f ⊕T ντ ∼ 1/3. We see that the output of the fit is consistent with the rough estimation given by eqs. (3.5)-(3.7) based on our event distribution considerations for showers of different flavors and the importance of the Glashow Resonance for the fit. Notice that the previous equations do not include the relative weight of the distributions, we have checked that by considering this extra information the agreement is even better.
The conclusions derived from this case will certainly hold for a variety of other examples. For instance, if no antineutrinos at all were produced at the source, and consequently none would arrive at the Earth (the case of µ + damping), we would expect to fit f ⊕F νe ≈ f ⊕T νe ∼ 0, leading to a best fit point again well outside the standard region of the flavor-ratio triangle.
Re-thinking Current Results
In Ref. [18] IceCube finds, assuming f
να /2, the best fit point for the neutrino flavor ratios at the Earth to be (f ⊕ νe : f ⊕ νµ : f ⊕ ντ ) (0.5 : 0.5 : 0.0). While it is not yet statistically significant, this point is outside the standard region of Fig.1 . Let's assume, for the sake of discussion, that these numbers will be confirmed with higher significance by future data. Is this a sign of exotic physics (due to some non-standard properties of neutrinos) or can this be explain by standard physics? Can we find neutrino and antineutrino flavor ratios at the source that can give this result at the Earth if fitted with the wrong assumption?
Indeed, we can explain the IceCube best fit of neutrino fractions by considering only standard neutrino physics plus an asymmetric source of neutrinos. Take, for instance, the following flavor fractions at the source We note that if we do not distinguish neutrinos and antineutrinos, the flavor ratios given in (3.9) correspond to (f S νe : f S νµ : f S ντ ) = (0.4 : 0.3 : 0.3) which gives (f ⊕ νe : f ⊕ νµ : f ⊕ ντ ) (0.34 : 0.34 : 0.32), very close to the central point of the triangle. Below we will see that this point could be mistakenly excluded due to the wrong assumption provided that we will have enough statistics, giving (fake) best fit outside the standard allowed region. Note that this scenario is in principle possible if we consider the case where neutrinos are coming from the two kinds of sources, namely the combination of the pion decay with muon dump in pp scenario and neutron decay source with the ratios of the former to the latter equal to 4:3. In such a case, the pp source leads to equal fluxes of ν µ andν µ whereas the neutron source leads to pureν e flux. Now, fix the same oscillation parameters as before to propagate this to the Earth. The result at the Earth will be (f We have generated mock data in accordance with this theoretical prediction at the Earth assuming N T a = 18 × 10 (100) astrophysical neutrinos and γ T = 2.5. Finally, we have fit the expected number of events using the standard approach of IceCube, i.e., assuming the neutrino and antineutrino fractions to be equal at the Earth.
We show our results in Fig. 3 . The result of our fit, with this wrong assumption, is (f ⊕F νe : f ⊕F νµ : f ⊕F ντ ) = (0.52 : 0.41 : 0.07), N F a = 179 and γ F = 2.46. These results are in close agreement with the IceCube fit, as shown in Fig. 3 . Furthermore, this is consistent with eqs. (3.5)-(3.7). We conclude that there could be a standard physics explanation for this point as long as we relax the constraint that imposes flavor fraction to be the same for neutrinos and antineutrinos. We have checked explicitly that if we perform a fit by varying independently neutrino and antineutrino fluxes, we recover the input fractions and the allowed regions sit around the central part of the flavor-ratio triangle. The data was fitted with the wrong assumption that all neutrino and antineutrino flavor fluxes are the same at the Earth. We also show the region predicted by the standard oscillation hypothesis (same as in Fig. 1 ). 
at the Earth by various high energy neutrino production mechanisms . We let neutrino mixing parameters vary with the current 3σ allowed regions [45] . We have normalized the total neutrino (left panel) and antineutrino (right panel) flavor fractions at the Earth to 1 separately for each point in order to show them in this manner. The red regions correspond to the case where (f 
Discussions and Conclusions
Whether pp or pγ interactions (or some combination) in Fermi engines are the sources of these neutrinos will be probably established by data, as soon as enough statistics is accumulated by IceCube or its successors IceCube-Gen2 [68] or KM3NeT2.0 [69] . Many authors [4, 58, [61] [62] [63] [64] [65] [66] [67] have stressed the importance of the Glashow resonance as a discriminator.
In this paper we show that one must be careful when discussing IceCube flavor ratio results, that at the moment assume neutrino and antineutrino flavor ratios at the Earth are equal, as a way to probe new physics in the neutrino sector. The flavor ratios for neutrinos and antineutrinos can be quite different as we do not know how they are produced in the astrophysical environment, so the flavor ratios for neutrinos and antineutrinos at the Earth also can be quite distinct, as can be seen in Fig. 4 where the expected normalized ratios for neutrinos (left panel) and antineutrinos (right panel) are shown separately for the two representative cases we considered in this work, (f S νe : f S νe : f S νµ : f S νµ ) = (1/3 : 0 : 1/3 : 1/3) S in red and (0 : 0.4 : 0.3 : 0.3) S in blue. Since in Fig. 4 we only show normalized ratios, the information about the total fraction of neutrinos (antineutrinos) for each point is not present. A possible way of showing the neutrino and antineutrino ratios without losing information is by using 15 triangle plots with axes given by triplets (f ν i , f ν j , 1−f ν i −f ν j ) where ν i runs over neutrino and antineutrino flavors 3 .
In particular, we see that the standard case for pγ production (in red) or the example we provided that could be consistent with the current best fit point of IceCube (in blue), generate neutrino and antineutrino (normalized) ratios that cover different zones in the respective flavor-ratio triangles.
On the other hand, the sum of the neutrino and antineutrino flavor ratios at the Earth spread over a small region around the center of the triangle, see Fig. 5 . However, when we fit the data generated by these scenarios assuming equality between neutrino and antineutrino ratios at the Earth, we obtain that the best fit point lies outside the central region of the respective triangle plot, as we showed in Figs. 2 and 3 . Thus, this wrong assumption could lead to the conclusion that new physics is necessary in the neutrino sector, which is not necessarily the case.
Although at the current exposure of IceCube the assumption that neutrino and antineutrino flavor fractions are the same at the Earth when fitting the data seems quite reasonable, because most of the triangle is still allowed by the current data (including the standard region), this will have to change in the future when more data will be available. In particular, in order to be able to disentangle different production mechanisms at the source from new physics in the neutrino sector, it is imperative to work with the measured neutrino and antineutrino flavor ratios at the Earth, separately. 
A Binned likelihood
In order to compute both the best fit point plus the confidence level regions for the relevant free parameters, we consider as test statistics the function [70] , 1) where N bins = 14 is the number of logarithmically uniform bins in the range [28 TeV, 10 PeV]. The numbers n k,i correspond to the observed events of topology k, shower or track, in the i-th bin. Thus, these numbers just depend on the assumption about the particular scenario considered for each analysis. On the other hand, the values µ k,i (θ) are the floating number of events of topology k in the i-th bin. Accordingly, these numbers depend on the free parameters of the fit, which in general are given by θ = (N a , γ, f να(να) ). Thus, the best fit point is obtained by minimizing eq. (A.1) with respect to the free paramters of the fit. Later, the confidence regions are computed by considering proper threshold values of the function 2∆ ln λ(θ) = −2 ln λ(θ) + 2 ln λ(θ best-fit ), which are tabulated in [70] and depend on the number of free parameters. For instance, for the triangle plots we use 2∆ ln λ(θ) = 2.30, 5.99 and 6.63 for the C.L. regions at 1σ, 2σ and 3σ correspondingly.
Notice that during the analysis of the four scenarios considered in Section 3, which account for two different sources times two different exposures, we consider only one simulation of the observed data in each case. The number of events at each bin is given by the theoretical expected values obtained directly from the computation of flux times cross section times detector effects.
Clearly, this procedure may be improved. For instance, we could consider multiple realizations of the data simulation by using poisson distributed numbers with mean values given by the theoretical predictions. Then, we could use the density maps containing the best fit point of each realization in order to find the global best fit and the confidence level regions. Also, we may consider the uncertainty on the numbers associated to the background predictions by including nuisance parameters into the definition of the likelihood. Indeed, we have checked both options and we have found that the general results of our analysis are not modified. The most clear effects are that the confidence level regions are not necessarily well shaped ellipses and cover slightly bigger areas, however they still keep the same basic features that we found with our simpler analysis. We believe that our simplified approach to show only the case of the single realization is sufficient to illustrate the main point of this work.
B Astrophysical neutrinos
We assume that the flux of astrophysical neutrinos at Earth is given by eq. (3.1). In order to generate standard tables of shower and track events, we normalize the value of C r such that 20 astrophysical neutrinos are obtained in the interval [10 TeV, 10 PeV] and we consider that the six independent neutrino fractions at Earth are equal to 1/6. In Fig. 6 we show the contributions of each flavor to the spectrum of showers and tracks for γ = 2.5 and N a = 20, where N a is the total number of events with astrophysical origin. Notice that the electron-neutrino does not contribute to the tracks because there is no interaction channel that produces a muon or a tau. All the rest can produce both showers and tracks. These results are obtained from the convolution of each neutrino flux with the corresponding neutrino-nucleon cross sections plus detector effects, for which we have followed tightly the reference [15] and references therein. 
C High-energy neutrino background
With respect to the background, we consider the contribution of electron and muon atmospheric neutrinos plus the fake contribution from atmospheric muons. In the corresponding tables we have split the contribution of neutrinos and anti-neutrinos. To compute the electron and muon neutrino atmospheric flux we consider the expressions given in [71] ,
where the values of C α , g 0 , g 1 and g 2 can be found in this reference, for each flavor. We consider equal contributions from neutrinos and anti-neutrinos. In order to include the experimental veto for downgoing atmospheric muon-neutrinos we follow the algorithm showed in section III of [15] , which is based on the following references [72, 73] . Similarly, for the muon flux we also follow [15] , so we consider the absolute number of tracks produced from the atmospheric muon background as given by dN (E ν ) dE = C µ (E ν /1 GeV) −γµ for E > E min C µ (E min /1 GeV) −γµ−18.5 (E ν /1 GeV) 18.5 for E < E min (C.2) where γ µ = log(21) (log(60 TeV/E min )) + 1 and E min = 28 TeV.
For each analysis showed in the body of the paper we fix the number of atmospheric neutrinos to N ν = 6.6 and the number of atmospheric muons to N µ = 8.4 in order to match the central values obtained by IceCube in the interval [28 TeV, 10 PeV] after 988 days of data taking [3] . Notice that in the later reference these central values are reported with their respective uncertainties, however we do not consider this information in the paper. Nonetheless, we have checked that the effect of these uncertainties, included as nuisance parameters into the fit, do not affect our final conclusions.
We show the background contributions to shower and tracks in Fig. 7 . The neutrino curves are obtained by performing the convolution of the fluxes given in eq. (C.1) with the neutrino-nucleon cross sections in the same way as we do for astrophysical neutrinos. Then, it is natural to observe some similarities between the neutrino spectra of Figs. 6 and 7. The muon spectrum on the other hand is obtained directly from eq. (C.2) and turns out to be quite distinct. 
